Introduction  by Boylan, John W.
The mammalian kidney is a plasma-processing in-
strument of remarkable efficiency. Every 30 mm,
the entire plasma volume filters through the gb-
merular capillaries and flows past the lining mem-
branes of tubular epithelial cells. These membranes
bring their energetic activities to bear upon the fil-
trate, creating a reabsorbate that continuously re-
news the internal environment of the body.
We are accustomed to think of renal regulation in
terms of ions and water, but the kidney has a role in
the life of plasma proteins that has begun to be more
appreciated in recent years.
In the normal glomerular filtrate are dozens of
small proteins more or less filterable according to
their size. We know they are there because they are
sufficiently concentrated in urine to be measured;
their plasma or filtrate concentration is often below
the sensitivity of our analytic methods. Since en-
zymes, hormones, and other peptides are counted
among these low-molecular-weight proteins
(LMWP), they often have important biologic func-
tions, functions that are disrupted when their cata-
bolic pathway is constricted by renal failure. A frac-
tion of these small proteins escape tubular reab-
sorption and appear in normal urine. Certain
disease states are characterized by an increase in
low-molecular-weight proteinuria, others by the ex-
cretion of albumin and larger protein molecules.
Figure 1 depicts the major sources of urinary pro-
teins and presents a classification according to type,
as well as some causes and examples of common
proteinurias. It is apparent that we know more
about proteinuria and renal protein catabolism than
is exercised in daily clinical practice. There is rea-
son for this in that 90% of proteinurias encountered
are of the glomerular type (Fig. 1, left column) and
the diagnostic or treatment benefit to be gained by
more exacting characterization has been too slight.
molecules. Albumin concentration in the filtrate
was found to be approximately 1.0 mg/bOO ml [1, 2],
the plasma being 4000 mgIlOO ml. This finding laid
to rest the hypothesis, once held, that urinary pro-
tein resulted from a failure to reabsorb normally fil-
tered albumin because, given an equally tight filter
in the human kidney, the maximum quantity of pro-
teinuria would be less than 2 g/day. In confirmation
of a defective filtration barrier in this proteinuria,
micropuncture studies of rats with experimental
glomerulopathies by Oken [3], as well as those by
Baldamus et al [4], Allison, Wilson, and Gottschalk
[5], and our own [6], have shown increased concen-
trations of albumin in the glomerular filtrate.
Importance of a charged gloinerular membrane
Discovery of the importance of a negative charge
on the filtering membrane [7, 8], a charge that repels
negatively-charged protein molecules, has ex-
plained the anomalous filterability of uncharged
molecules larger than albumin, and also helps ac-
count for the extreme efficiency of the filtration bar-
rier. Before this discovery, nephrologists were trou-
bled by the image of a filter hopelessly clogged with
large protein molecules, filling any pores that may
exist, and gumming up the endothelial surface of the
gbomerular capillary, like autumn leaves across the
iron grid of a street drain. Now one pictures an elec-
trostatic shield maintaining a cuff of plasma rela-
tively free of protein next to the filtering membrane.
Low-molecular-weight proteins (LMWP), having
less charge for their size, do not feel the elec-
trostatic shield and traverse the filter. Larger pro-
tein molecules that pass the electrostatic barrier are
restricted by the fibrillar network of the gelatinous
basement membrane, or finally, by the slit pores.
The structural and molecular bases of glomerular
Glomerular protein aria
Micropuncture studies in the early 70's first dem-
onstrated the extraordinary effectiveness of the gb-
merular filter in restricting the passage of macro-
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Fig. 1. Schemata of major sources of urinary proteins, their classification according to type, and some causes and examples of common
proteinuria.
filtration have been reviewed recently by Venka-
tachalam and Rennke [9].
Kreisberg, Wayne, and Karnovsky in the follow-
ing pages, describe what may be the earliest mor-
phologic correlate of the loss of negative charge on
the filtering membrane, the appearance of mono-
cytes in glomerular capillaries one-half hour after
injection of nephrotoxic serum to rats. In studies
related to the electrostatic barrier to filtration, Pur-
tell et al demonstrate the effect of altering the iso-
electric point of human albumin on its filterability
by the rat kidney, and dyne, Pesce, and Thompson
report on the influence of isoelectric point on the
nephrotoxicity of Bence Jones protein. A profound
and unexpected increase in the excretion of a
LMWP, f32-microglobulin, and of albumin is report-
ed by Mogensen, Vittinghus, and Soiling to follow
infusion of the amino acid lysine in human subjects.
The isolated perfused kidney is a model increas-
ingly used by investigators, and it is of interest to
note, in the paper of Stolte, Schurek, and Alt, the
marked increase in filtration of albumin, minutes af-
ter the kidney is removed from the rat and perfused
in vitro. Unlike the glomerular permeability to albu-
min induced by Ryan and Karnovsky [10], by brief
interruption of renal blood flow, this increased per-
meability is not reversible. The isolated perfused
kidney may prove an appropriate system in which
to identify the components responsible for loss of
glomerular membrane charge.
We are indebted to Brenner and his group for
their rigorous analysis of the determinants of the
movement of macromolecules across the glomeru-
lar membrane. In this issue, Deen, Bohrer, and
Brenner summarize the current status of the pore
theory that has attempted to describe this phenome-
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non. Even though the authors have limited their ex-
position to the case of an isoporous membrane and
uncharged solute particles, this paper provides a
stimulating exercise for the thoughtful nephrologist.
Tubular proteinuria
This is the increased excretion of low-molecular-
weight proteins (LMWP) because of failure of tubu-
lar reabsorption due to congenital or acquired dis-
ease affecting proximal tubules (Fig. 1, second col-
umn). Maack et al, in whose laboratory much of the
definitive contemporary work has been done, pro-
vide in this issue the most comprehensive treatise
to date on the filtration and renal catabolism of
LMWP. Galaske, Van Liew, and Feld describe the
isolation of LMWP from rat urine and their sub-
sequent injection, after isotope labeling, into proxi-
mal tubules of the same animals. Urinary excretion
of the isotope was then used to give percentage
reabsorptions.
There is evidence for competition among LMWP
for common reabsorptive sites, and also for speci-
ficity of a reabsorptive site for certain proteins. The
excretion of f32-microglobulin has been used as an
index of nephrotoxicity during the administration of
certain antimicrobials. Patterns of LMW protein-
uria have yet to be defined for specific diseases, and
although there are suggestions that, for example,
one LMWP may signal an impending homograft re-
jection or relapse following steroid treatment for
lupus nephritis, there is need for carefully collected
data.
Overflow proteinuria
In this type of proteinuria, tubular reabsorptive
mechanisms are normal, but an abnormal plasma
protein is present at a concentration that results in a
filtered load exceeding the tubules' capacity to
reabsorb (Fig. 1, center column). The classic ex-
ample is Bence Jones proteinuria, the hallmark of
the plasma cell dyscrasia that leads to multiple myo-
loma. Bence Jones proteins are lambda or kappa
light chain fragments of immunoglobulins, usually
IgG or IgA. Like another low-molecular-weight
protein, $2-microglobulin, they were first discov-
ered in urine. /32-microglobulin and Bence Jones
proteins have recently assumed considerable immu-
nologic interest. f32-microglobulin has been shown
to be identical to the light chain of histocompatibil-
ity antigen (HLA). Bence Jones proteins, because
they are a source of light chains made by a single
cell in amounts large enough to crystallize, have
provided us with important information about the
structure of the immune globulins.
Catabolic fragments (Fc) of the immune globulins
appear in trace amounts in normal urine, and may
be increased in multiple myoloma. Fibrinogen deg-
radation products (FDP) are present in the urine of
patients with allograft rejection, as well as with dis-
seminated coagulopathies.
Secretory proteins
Tamm-Horsfall protein is the major secretory
protein of the kidney, and its physiologic function
has been something of a mystery. It is known to
form the matrix of urinary casts, but this is not a
satisfying reason for its existence. Hoyer and Seiler
bring together here what is known about the origin
and structure of this mucoprotein. They also pre-
sent some intriguing speculation about its function,
especially as it may relate to the unique per-
meability characteristics of the ascending limb of
Henle's loop.
Histuria
We believe that future meanings of proteinuria
will stem from refinements in analysis of the tissue
proteins in urine (Fig. 1, righthand column). The po-
tential significance of the histurias lies in the identi-
fication of organ specific antigens localizing the site
of disease, in characterizing the scores of anoma-
lous proteins and novel peptides found in the urine
of cancer patients, and in decoding the "host" pro-
teins elaborated by virus-infected cells.
Rosenmann and Boss have given us a review of
tissue antigens found in urine, and the reviewers
predict development of a battery of specific antisera
to organs, tissues, and neoplasms, which may pro-
vide simple screening tests in future urinalyses.
Sternberg et al have identified disaccharide units of
glomerular basement membrane (GBM) in the urine
of nephrotoxic serum nephritic rats, and they report
this finding as evidence for lysis of the GBM in that
expermental condition. Huttunen, Turner, and Bar-
ratt report on the physiocochemical characteristics
of GBM antigens in normal and diseased urine and
suggest that differences found in congenital renal
conditions indicate an inherited disturbance in syn-
thesis or degradation of GBM.
Tubular reabsorption of protein
The reabsorptive capacity of the normal nephron
for albumin appears to be poised close to the nor-
mally filtered load [1]. We believe that saturation of
the reabsorptive mechanism for albumin occurs at a
filtrate concentration of 3 to 4 mg/lOO ml. The pro-
cess of protein reabsorption has been followed by
electron microscopy of labeled albumin, and by su-
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crose gradient separation of tubular cell com-
ponents at time-sequenced intervals. Protein mole-
cules adhere to the brushborder of proximal tubular
cells, possibly at specific receptor sites, and are en-
gulfed into pinocytotic vacuoles. These are pinched
off and move into the cytoplasm of the cell where
they merge with lysosomes making larger vesicles
that take up or secrete hydrolytic enzymes. When
enzymatic digestion is complete, the amino acid
residues diffuse either directly across the basement
membrane to the extracellular space or across the
basolateral membrane to be entrained with the fluid
reabsorbate.
In the following pages, Straus traces the develop-
ment of our knowledge of protein uptake by renal
tubular cells, a history in which Straus himself
played a considerable part. Evidence that low-mo-
lecular-weight proteins are handled similarly is pre-
sented in the review by Maack et al. Carone et al
discuss their important finding that smaller peptides
are hydrolyzed intraluminally by brushborder en-
zymes.
Since dextrans continue to be used both clinically
as plasma substitutes, and in research as investiga-
tive tools in the study of protein reabsorption by the
nephron, Christensen and Maunsbach have exam-
ined the question whether dextran interferes with
endocytosis and the catabolic function of tubular
cell lysosomes. Maunsbach's elegant studies were
the first to trace the cytotic transport pathway for
protein across the tubular cell [11].
Also contributing to the breadth of topic in this
Symposium are papers by Neuhaus and Lerseth on
the renal handling of a2-globulin, the sex-depen-
dent protein of the male rat; by Roland et al on the
mode of action of indomethacin on glomerular per-
meability in the nephrotic syndrome; and by Rob-
son et al on the mechanism of proteinuria in non-
glomerular renal disease.
Proteinuria, as a sign of human disease, has been
recognized for hundreds of years. Given that urine
is the most accessible of biologic fluids, it is aston-
ishing that the centuries have added so few specifics
to the meaning of this laboratory finding. It will be
apparent to readers of this Symposium that our defi-
ciency is in the process of being corrected. The
present decade has defined the forces acting on the
movement of macromolecules across the glomeru-
lar membrane, and has begun to understand the
reabsorptive mechanisms that reclaim them. We
know the albumin concentration in the glomerular
filtrate of the rat in health, in several forms of exper-
imental renal disease, and in hypertension [121. We
have begun to appreciate the potential significance
of tissue proteins in the urine and to ponder the im-
plications of a restricted catabolic pathway for
small proteins in renal failure. The future meanings
of proteinuria and renal protein catabolism are, in
fact, much more exciting than their past.
JOHN W. BOYLAN
Newington, Connecticut
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